It is shown that an interferometer using one scatter plate and a plane mirror is well suited for testing long focus optical systems. Stability is automatically achieved in this system because of its +1 magnification. Two methods of introducing straight fringes into the field in order to examine a nearly perfect optical system, and a method of making scatter plates to give high-contrast fringe patterns are described.
Introduction
The phenomena associated with scattering as a method of beam splitting were first described by Newton.' These phenomena were explained on the basis of wave theory first briefly by Young and then more completely by Herschel 3 and Stokes. 4 More recently Bauchwitz and Shoenberg' and Shoenberg 6 have discussed some further aspects of multiple-beam scatter fringes. Although the phenomena associated with scattering as a means of beam splitting are thoroughly explained in the literature, this is not the case concerning the best conditions under which scattering can be used for testing optical systems. Burch, 7 ' 5 Dyson, 9 and Martin' 0 explain the principles and some of the advantages and disadvantages of scatter-fringe interferometers but go no further; Scott" has published a photograph taken with a scatter-fringe interferometer, but he has not given any particulars concerning the instrument. This paper describes a simple method of testing using scattering as a means of beam splitting.
Interferometer
The general method suggested by Burch is shown in Fig. 1 . The interfering wavefronts are formed by the light which is scattered only once by the scatter plates. The light which is not scattered by either scatter plate (the direct-direct light) gives rise to a bright spot in the center of the aperture; it can be eliminated by a properly placed stop in the system. The light which is scattered by both scatter plates (the This work was partially supported under a contract by the National Aeronautics and Space Administration.
This work was submitted in partial fulfillment for the degree scattered-scattered light) simply adds to the background level and decreases the contrast in the fringe pattern. Since the magnification of this system is -1 it is extremely sensitive to vibration. In practice, the light source, the focusing lens, and the two scatter plates are all rigidly mounted on a three-dimensional motion to facilitate investigation of the region near the paraxial image. In order to stabilize this system it is necessary to replace only the second scatter plate by a plane mirror, thus reimaging the scatter plate point for point back on itself. This is illustrated in the inset of Fig. 1 . Since the magnification is +1 this system is extremely insensitive to vibration and therefore well suited for testing long focus systems. Dyson 2 has applied this method of stabilization to several other common-path interferometers. The effect of the plane mirror is too rotate the wavefronts through 1800 in azimuth such that light striking the aperture of the system under test at P(x,y) on the first pass strikes the aperture at P(-x, -y) after reflection from the plane mirror. Thus thegeneral expression for the optical path difference (OPD) a between the reference and test wavefronts (primaryaberrations only) due to the first pass is a, = B(x' + y') 2 + F(x' + y')y + C(x' + y2) + gx + hy + a(x2 + y 2 ), (1) and due to the second is (2) where B is the spherical aberration coefficient, F is the coma coefficient, C is the astigmatism coefficient, h,g are lateral displacement coefficients, and a is the longitudinal defocusing coefficient. Then the total OPD for this case is
From Eq. (3) it is seen that this system is twice as sensitive to the even-order aberrations of the optical system 
Method of Obtaining Tilt between Reference and Test Wavefronts
Tilt between the reference and test xvavefronts ca obtained by introducing a small tilt to a thin y parallel plate which has been placed into one-half o. cone of light which makes up the two wavefroni shown in Fig. 2 . The effect of the tilted plate introduce a lateral displacement of the image of scatter plate with respect to itself. Since the angle is small and the wavefronts pass through plate twice, the OPD introduced by the tilted plat(
field. Any deviation from straightness is, of course, a measure of the aberration in the nearly perfect test wavefront. If it is desired to have say four fringes in the field for a = 1, f/number = 3, n = 1.5, and X = 0.5 X 10-i mm, t must be about 1.0 mm. Since the parallel plate is in a converging beam of light, a certain amount of spherical aberration (along with much smaller amounts of coma and astigmatism) will be introduced, and this limits the use of the parallel plate for introducing straight fringes. For example, using the conditions mentioned above, for systems faster than about f/3.0 the amount of OPD (due to spherical aberration) introduced by the parallel plate --becomes greater than A X, and another method of introducing straight fringes should be used if the accuracy of the test is to be better than X. In Fig. 3 are photographs of the fringe patterns for a nearly perfect optical system and for a system with a small or usamount of spherical aberration. 
sting tinwhere r is the distance from exit pupil of the system )aye-under test to the paraxial image andf# = F/number of and the system under test. Rearranging Eq. (5), the perectly missible separation is dislane-
For example, if it is desired to test to an accuracy of T-1i X forf/number = 3 and r = 1000 mm, d < (4) where t is the thickness of the parallel plate, a is the tilt angle of the parallel plate, n is the index of refraction of the parallel plate, and r is the distance from the exit pupil of the system under test to the paraxial image. This corresponds to a family of straight fringes in the M Fig. 2 . Diagram illustrating method of introducing a plane-parallel plate into the system to obtain tilt between reference and test wavefronts. M is the concave mirror under test; P is the position of the scatter plate and plane mirror: and PP is the planeparallel plate.
Since 4C >> 2B, this represents a family of straight fringes slightly modified by the spherical aberration term. The disadvantage in this case is that the spacing between fringes is not constant but decreases as yI increases with a broad fringe in the center of the field.
This means that the center of the aperture cannot be examined in detail. It should be noted that in this case the fringes correspond to the tangential astigmatic focus. In Fig. 4 are photographs of the fringe patterns
(b) Fig. 3 . Photographs showing the fringe patterns for (a) a nearly perfect optical system, and (b) an optical system with a small amount of spherical aberration when the plane-parallel plate is used to obtain straight fringes.
Separation as small as this is not strictly necessary since the amount of astigmatism introduced is easily calculated using Eq. (6) and can be taken into account in evaluating the fringe pattern.
Equation (5) suggests another method for obtaining straight fringes in the field to examine an almost perfect optical system. For an almost perfect optical system B and C in Eq. (3) are both small. Then, by separating the scatter plate and plane mirror such that OPD in Eq. obtained for a nearly perfect optical system and for a system with a small amount of spherical aberration.
Contrast of the Fringe Patterns
The two parameters which most affect the contrast of the fringe patterns are the source size and the scattering properties of the scatter plate (it is assumed that stray light in the vicinity of the interferometer has been minimized). Ideally the source should be a mathematical point in order to obtain the highest possible contrast. However, for a mathematical point the intensity of the source would be vanishingly small and in practice sufficiently high contrast can be obtained if the size of the source is such that it does not contribute more than 4 X of OPD to the wavefront. This means that the size of the image of the source on the paraxial region of the optical system under test should be less than W of the width of the white light fringe.
If, for simplicity, we assume that all the pits of a given size scatter light into thin-walled cones of the same half-angle and that the scattering coefficient is constant with scattering angle and pit size, the expression for the contrast of the fringe pattern reduces to
where c(O) is the scattering coefficient and V denotes contrast. From Eq. (8) it may be noted that, for V = 1, k = 0, i.e., the maximum contrast occurs when the intensity of the fringe pattern is zero. On the other hand, when k = 1, V = 0, and the intensity in the fringe pattern is a maximum. Then, for some value of k between 0 and 1 there is a compromise for the contrast and the intensity in the fringe pattern. In general, the assumptions used to derive Eq. (8) are not true, and k is some complex function of scattering angle and pit size. In order to determine a method for making scatter plates which give high contrast fringe patterns of reasonable intensity, an investigation of the contrast for scatter plates with various degrees of roughness was carried out. Each scatter plate was made by grinding one side of a small glass plate with a grinding powder with a certain maximum particle size and then polishing it to give a smooth surface with pits in it. For the present investigation, only scatter plates made in the abovementioned manner are considered because they are easy to make, they are permanent, and as will be seen they give adequate contrast. The scatter plates 30
were made with grinding powders with 12 ,, 16 u, 23 ,, y, and 60 /, particle sizes. Photographs of the fringe patterns obtained with each scatter plate were taken, and a Hilger and Watts Model L50 recording microphotometer was used to determine the maximum and minimum intensities in each case. The contrast in the fringe patterns went from 0.29 for the scatter plate made with 60-p particles to 0.70 for the scatter plate made with the 1 2 -/i particles. The pit density on the 1 2 -p scatter plate was about 8000 pit/mm 2 and the pit sizes ranged up to 12 y as shown in Table I . In Fig. 5 are the contrast photographs for the 1 2 -,4 and the 60-A scatter plates.
Summary
In the foregoing it has been shown that an interferometer using one scatter plate and a plane mirror is well suited for testing long focus optical systems. The first requirement of an instrument used to test long focus systems is that it should be insensitive to vibration. This is achieved automatically in the present system because of its +1 magnification. Also the +1 magnification makes it extremely easy to align the system for testing. In order to test nearly perfect optical systems, it must be possible to introduce straight fringes into the field so that small deviations of the test wavefront from a sphere can be observed. In the present system this is achieved in two ways. One method is to introduce a small tilt to a plane parallel plate which has been placed into one-half of the cone of light making up the reference and test wavefronts, thus introducing a tilt between the reference and test wavefronts. The other method is to separate the scatter plate and plane mirror a certain amount to introduce a given amount of astigmatism, which when viewed at either the sagittal or tangential focus gives straight fringes. The disadvantage with this method is that the fringe spacing is not constant (as it is in the first method); it decreases with increase in aperture, having a broad fringe in the center of the field. However, for very fast systems the amount of spherical aberration introduced by the planeparallel plate in the first method is excessive and the second method is preferred. Since the test wavefront passes twice through the optical system being tested, the sensitivity of this system is twice that of the Twyman-Green interferometer for test mirrors. The major disadvantage with this method is that coma can- Soc., of N.Z., co Chem. Div., DSIR, Private Bag, Petone, Wellington, Munich K. H. Riewe, German Physical Soc., 645 
